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1464Objective: Paraplegia remains a devastating, and still too frequent, complication after repair of extensive thor-
acoabdominal aortic aneurysms. Strategies to prevent ischemic spinal cord damage after extensive segmental ar-
tery sacrifice—or occlusion, essential for endovascular repair—are still evolving.
Methods: Ninety patients who underwent extensive segmental artery sacrifice (median, 13; range, 9–15) during
open surgical repair from June 1994 to December 2007 were reviewed retrospectively. Fifty-five patients (mean
age, 65  12 years; 49% were male), most with extensive Crawford type II thoracoabdominal aortic aneurysms,
had a single procedure (single-stage group). Thirty-five patients (mean age, 62 14 years; 57%were male) had 2
procedures (2-stage group), usually Crawford type III or IV repair after operation for Crawford type I descending
thoracic aneurysm. The median interval between the 2-stage procedures was 5 years (3 months to 17 years). There
were no significant differences between the groups with regard to age, gender, cause of the aneurysm, hyperten-
sion, chronic obstructive pulmonary disease, urgency, previous cerebrovascular accidents, year of procedure, or
cerebrospinal fluid drainage. In single-stage procedures, hypothermic circulatory arrest was used in 29% of pa-
tients, left-sided heart bypass was used in 40% of patients, and partial cardiopulmonary bypass was used in 27%
of patients. Somatosensory-evoked potentials were monitored in all patients, and motor-evoked potentials were
monitored in 39% of patients. Cerebrospinal fluid was drained in 84% of patients.
Results: Overall hospital mortality was 11.1%. There were no significant differences in mortality, stroke, post-
operative bleeding, infection, renal failure, or pulmonary insufficiency between the groups. However, 15%
of patients in the single-stage group had permanent spinal cord injury versus none in the 2-stage group
(P ¼ .02). The significantly lower rate of paraplegia and paraparesis in the 2-stage group occurred despite a sig-
nificantly higher number of segmental arteries sacrificed in this group: a median of 14 (11–15) versus 12 (9–15)
(P< .0001).
Conclusion: A staged approach to extensive thoracoabdominal aortic aneurysm repair may reduce the incidence
of spinal cord injury. This is of particular importance in designing strategies involving hybrid or entirely endo-
vascular procedures. (J Thorac Cardiovasc Surg 2010;139:1464-72)Earn CME credits at
http://cme.ctsnetjournals.org
Surgery of the descending aorta has achieved remarkable suc-
cess over the last 40 years. Aortic diseases that threaten cata-
strophic consequences, such as rupture or dissection, can now
be treated with durable operations that have a low operative
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The Journal of Thoracic and Cardiovascular Surcomplication after repair of extensive descending thoracic
and thoracoabdominal aneurysms (TAA/A), whether by
open surgical repair or endovascular strategies.4-7 A number
of adjuncts have been successfully used intraoperatively
and postoperatively to minimize both spinal cord ischemia
during surgery and the consequences of a precarious spinal
cord blood supply postoperatively, and the incidence of
paraplegia and paraparesis at centers for aneurysm repair
has been decreasing.3,8-15 Strategies to prevent ischemic
spinal cord damage after extensive segmental artery (SA)
sacrifice—or occlusion, essential for endovascular repair—
are still evolving.
The current retrospective study concerns 90 patients with
extensive SA sacrifice (9 SAs) during the course of aneu-
rysm surgery, 55 of whom had a single-stage operation
(Crawford II) and 35 of whom had a 2-stage operation.
This study evaluates whether extensive SA loss in a 2-stage
approach results in a decreased incidence of spinal cord in-
jury compared with an equivalent SA loss in a single-stage
approach.gery c June 2010
TABLE 1. Patient demographics and clinical risk profiles
All
N ¼ 90
Single-stage
procedure
N ¼ 55
2-stage
procedure
N ¼ 35
P
value*
Male gender 47 (52%) 27 (49%) 20 (57%) .52
Mean age  SD (y) 64  13 64  12 62  14 .40
Age range (y) 28–82 28–80 32–82
Patients aged>60 y 63 (70%) 42 (76%) 21 (60%)
Previous cardioaortic
procedures
57 (63%) 22 (40%) 35 (100%) <.0001
Urgent/emergency
operation
23 (26%) 15 (27%) 8 (23%) .80
Connective tissue
disorders
11 (12%) 5 (9%) 6 (17%) .33
Marfan’s syndrome 8 (9%) 3 (5%) 5 (14%)
Ehlers–Danlos syndrome 3 (3%) 2 (4%) 1 (3%)
COPD no. 7 (8%) 5 (9%) 2 (6%) .70
Smoker 43 (48%) 30 (55%) 13 (37%) .13
Coronary artery disease 29 (32%) 19 (35%) 10 (29%) .65
Previous myocardial
infarction
8 (9%) 7 (13%) 1 (3%)
Requiring previous 12 (13.3%) 6 (11%) 6 (17.1%)
CABG requiring
previous stent
9 (10%) 6 (10.9%) 3 (9%)
History of hypertension 74 (82%) 44 (80%) 30 (86%) .58
IDDM 8 (9%) 7 (13%) 1 (3%) .14
Renal insufficiency 7 (8%) 5 (9%) 2 (6%) .70
Creatinine  1.6 mg/dL 5 (6%) 5 (9%) —
Chronic hemodialysis 2 (2%) — 2 (6%)
Previous cerebrovascular
accident
9 (10%) 7 (13%) 2 (6%) .47
Clot or atheroma 19 (21%) 13 (24%) 6 (17%) .60
SD, Standard deviation; COPD, chronic obstructive pulmonary disease; CABG, coro-
nary artery bypass grafting; IDDM, insulin-dependent diabetes mellitus. *Based on the
t test or Fisher’s exact test.
Abbreviations and Acronyms
CSF ¼ cerebrospinal fluid
HCA ¼ hypothermic circulatory arrest
MEP ¼ motor-evoked potential
SA ¼ segmental artery
SCP ¼ selective cerebral perfusion
SSEP ¼ somatosensory-evoked potential
TAA/A ¼ thoracic and thoracoabdominal aneurysm
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This study was a retrospective analysis of more than 600 open TAA/A re-
pairs performed between June 1994 and December 2007, in which postoper-
ative paraplegia or paraparesis developed in 23 patients (3.8%). A total of
294 patients (48%) underwent resection of a descending thoracic aneurysm,
and 319 patients (52%) required resection of a more extensive thoracoabdo-
minal aortic aneurysm.This reviewdisclosed90patients (patient demograph-
ics and clinical risk profiles, see Table 1) who had extensive SA sacrificewith
no SA reimplantation during open surgical repair (average 12.8  1.3; me-
dian, 13; range, 9–15; Figures 1 and 2). The institutional review board
approved this research, and additional patient consent was not required.
Operative Management
All patients were placed in the standard thoracoabdominal position. A
double-lumen endotracheal tube was used to isolate the left lung. A right ra-
dial arterial line, a right common femoral line, and a pulmonary artery cath-
eter were inserted. Intraoperative transesophageal echocardiography was
used in all patients. A spinal catheter was placed routinely, and cerebrospi-
nal fluid (CSF) pressure was monitored during the operation and for the sub-
sequent 72 hours; CSF was drained at a maximum rate of 15 mL/h as long as
CSF pressure remained above 10 mm Hg. Somatosensory-evoked potential
(SSEP) and motor-evoked potential (MEP) monitoring (since 2002) have
been used intraoperatively, and SSEP has been used for the first 12 hours
postoperatively.3,16
Operative Technique
The essential steps of our approach to the repair of descending thoracic and
thoracoabdominal aortic aneurysms have been described.3,17 The aorta was
accessed via a left thoracotomy or thoracoabdominal incision. The
diaphragm was divided circumferentially. The infradiaphragmatic aorta was
exposed through a retroperitoneal approach. All operations were carried out
under moderate hypothermia (32C). If needed, deep hypothermia was
used, with circulatory arrest initiated at a bladder temperature of 15C and
a jugular bulb cerebral venous saturation of 95% or more.
Cannulation
Arterial cannulationwas usually via the femoral artery (74patients, 82%).
A previously placed graft or the descending aorta was cannulated (8%) in 7
patients, and the left axillary artery (2%) was cannulated in 2 patients, as pre-
viously described by our group.18 Venous cannulation was usually per-
formed by means of a wire-directed catheter placed through the femoral
vein into the right atrium; in 1 patient the catheter could not be properly ad-
vanced, and direct cannulation of the inferior vena cava was performed.
When left-sided heart bypass was used (30 patients, 33%), the left atrium
was cannulated directly (N¼ 7) or via the inferior pulmonary vein (N¼ 23).
Hypothermic Circulatory Arrest
Hypothermic circulatory arrest (HCA) (N ¼ 20) was effected by
surface (cooling blanket) and perfusion cooling during the initial periodThe Journal of Thoracic and Carof cardiopulmonary bypass. Adequate cerebral cooling was ensured in all
cases by cooling for a minimum of 30 minutes and maintaining a jugular
venous saturation greater than 85% and an esophageal temperature of
12C to 15C. In all patients in whom more than 20 minutes of HCA was
anticipated or selective cerebral perfusion (SCP) was used, the head was
packed circumferentially in ice.
Perfusion warming was carried out at the end of the procedure with
the gradient between the esophageal and blood temperature maintained
at less than 10C. Warming was maintained until esophageal temperature
reached 35C and bladder temperature was greater than 32C. Downward
drift, however, resulted in most patients leaving the operating room with
esophageal and bladder temperatures of 32C. Warming was usually ac-
complished in 1 hour of perfusion; during the last 15 or 20 minutes, par-
tial bypass was frequently used to take advantage of improved warming
with pulsatile perfusion. The average duration of cerebral ischemia was
30  7 minutes at a mean minimum esophageal temperature of
12.6C  0.6C.
Selective Cerebral/Upper-Body Perfusion
Perfusion of all 3 head vessels and the coronary arteries was achieved
with SCP at a blood temperature of 15C to 20C when cerebral protection
time was expected to exceed 30 minutes. Flow was regulated to maintain
a pressure of 50 to 60 mm Hg, which usually required a flow of 1000 todiovascular Surgery c Volume 139, Number 6 1465
FIGURE 1. Extent of SA sacrifice in each patient. Patients were divided into 2 groups according to the number of procedures (1 stage: N ¼ 55; 2 stages:
N¼ 35). The extent of SA sacrifice during previous procedures is represented by the yellow part of each bar. Patients with postoperative spinal cord injury (*).
One-stage procedures with HCA (hatched bars). Paraparesis developed in only 1 patient when HCA was used. SA, Segmental artery.
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D1500 mL/min. Seventeen patients required upper-body perfusion for an av-
erage of 42  28 minutes. The left ventricle was vented via the apex. SCP
can be established either by left axillary cannulation or using the proximal
graft with a side branch. Partial cardiopulmonary bypass is combined with
beating heart upper-body perfusion.FIGURE 2. The number of patients in the entire cohort (N ¼ 90) with each nu
required sacrifice of 12, 13, or 14 segmental arteries.
1466 The Journal of Thoracic and Cardiovascular SurExtent of Operation
More than 95% of all patients had visceral artery reimplantation
(N ¼ 86). The celiac trunk was reimplanted in 83 patients, the renal arteries
were reimplanted in 82 patients, and the superior mesenteric artery was
reimplanted in 86 patients. Intraoperative details are shown in Table 2.mber of segmental arteries sacrificed. Note that more than 75% of patients
gery c June 2010
TABLE 2. Intraoperative details
All
N ¼ 90
Single-stage
procedure
N ¼ 55
2-stage
procedure
N ¼ 35
P
value*
Cause
Atherosclerosis 47 (52%) 31 (56%) 16 (46%) .35
Dissection 30 (33%) 15 (27%) 15 (43%)
Degenerative 9 (10%) 7 (13%) 2 (6%)
Other 4 (4%) 2 (4%) 2 (6%)
Descending aortic diameter (cm)
Mean  SD 6.6 1.2 6.6  1.3 6.5  1.0 .78
Median (range) 6.5 (4.4–12) 6.5 (4.4–12) 6.4 (5.2–9) .68
Elephant trunk completion
(second stage)
14 (16%) 11 (20%) 3 (9%) .23
Aortic graft
Size (mm) 24.2  3 24.2  3 24.1  3.8 .79
Median (range) 24 (14–34) 24 (18–28) 24 (14–34) .50
Reimplanted visceral arteries (no. of patients)
Celiac 83 (92%) 52 (95%) 31 (89%) .42
Superior mesenteric 86 (96%) 54 (98%) 32 (91%) .29
Renal 82 (90%) 53 (96%) 29 (83%) .05
Intercostal/lumbar — —
SSEP monitoring 90 (100%) 55 (100%) 35 (100%) 1
MEP monitoring 35 (39%) 21 (38%) 14 (40%) 1
CSF drainage 76 (84%) 47 (86%) 29 (83%) .77
Perfusion strategy .01
None 7 (8%) 2 (4%) 5 (14%)
PCBP 33 (37%) 15 (27%) 18 (51%) .45
PLHB 30 (33%) 22 (40%) 8 (23%) .07
HCA 20 (22%) 16 (29%) 4 (11%) .58
Cerebral ischemia
time (min)
30  7 29  7 33  6 .43
SCP timey (min) 42  28 49  28 22  13
Lowest esophageal
temperature (C)
12.6  1.6 12.6  1.7 12.8  1.2
Lowest bladder
temperature (C)
17.5  3.7 17.2  3.7 19  4.7
Visceral perfusion (cold
blood, no. of patients)
29 (32%) 14 (25%) 15 (43%) .11
Segmental arteries
sacrificed (n)
<.0001
Overall (mean  SD) 12.8  1.3 12.3  1.3 13.5  1
First procedure
(mean  SD)
6.5  2.2
Second procedure
(mean  SD)
7  2.1
SCP, Selective cerebral perfusion; SSEP, somatosensory-evoked potentials; MEP,
motor-evoked potentials; CSF, cerebrospinal fluid; HCA, hypothermic circulatory ar-
rest; PLHB, partial left-sided heart bypass; SD, standard deviation. *Based on the chi-
square, t, and Kruskal–Wallis tests. ySCP used in 17 patients. Two-stage data reflect
only the second of the 2-stage procedures.
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in the main graft (N ¼ 121, 48%) followed by a long beveled anastomo-
sis including the orifices of the visceral vessels (N ¼ 83, 33%). Twenty-
eight visceral arteries (11%) were reimplanted singly with a button tech-
nique, and 19 visceral arteries (8%) were reimplanted using a Carrel
patch.The Journal of Thoracic and CarSingle-Stage Group
Fifty-five patients, most with extensive Crawford type II TAA-A, had
a single procedure (single-stage group). The mean age was 64  12 years,
27 (49%) were male, and the most common cause was atherosclerosis
(N¼ 31, 56%). Twenty-two patients (40%) had undergone previous cardi-
oaortic procedures not involving the descending or abdominal aorta. A total
of 27 previous procedures were performed: 4 ascending aortic aneurysm re-
pairs, 5 coronary artery bypass grafts, 3 Bentall procedures, 14 complete
arch repairs (5 as the first stage of an elephant trunk procedure), and 1
axillo-bifemoral bypass. In these single-stage procedures, HCA was used
in 16 patients (29%), left-sided heart bypass was used in 22 patients
(40%), and partial cardiopulmonary bypass was used in 15 patients
(27%); only 2 patients (4%) underwent resection with a clamp-and-sew
technique. Demographics and clinical risk profiles are summarized in
Table 1, and intraoperative characteristics are shown in Table 2.
Two-Stage Group
Thirty-five patients had extensive aortic resection in the course of 2 oper-
ations (2-stage group). The 2-stage approach in these patients was not a de-
liberate strategy but rather the consequence of aneurysms in different parts of
the aorta developing at different rates or different times. The most common
pattern was repair of a Crawford type III or IV aneurysm after operation for
a descending thoracic aneurysm or Crawford type I lesion. The mean age of
this cohort of patients was 62 14 years at the time of second operation, and
20 (57%) were male. The median interval between the 2-stage procedures
was 5 years (3 months to 17 years). For the second stage, HCA was used
in 4 patients (11%), left-sided heart bypass was used in 8 patients (23%),
and partial cardiopulmonary bypass was used in 18 patients (51%); 5 pa-
tients (14%) underwent repair with the clamp-and-sew technique.
Details regarding the initial procedures were unavailable in some of the
few patients whose first operations had been performed in other institutions.
An average of 6.5  2.2 SAs (median, 7; range, 3–10) were sacrificed dur-
ing the first operation, and 7  2.1 SAs (median, 6; range, 3–12) were sac-
rificed during the second procedure (Figure 3).
Postoperative Management
Aggressive fluid administration for at least the first 24 postoperative
hours was initiated, aiming for a mean aortic pressure of 80 to 90 mm
Hg, with vasoconstrictors (usually vasopressin and norepinephrine) given
as necessary to maintain this pressure. Gentle diuresis was begun 48 to 72
hours after operation. SSEPs were monitored until the patient awakened.
Thereafter, hourly brief neurologic examinations were performed for 72
hours. CSF drainage (as previously noted) was continued for 72 hours. Ste-
roids were tapered over 48 to 72 hours.
Statistical Methods
Data were entered in an Excel spreadsheet (Microsoft Corp, Redmond,
Wash) and transferred to a SASfile (SAS Institute Inc, Cary, NC) for data de-
scription and analysis. Patient characteristics are described as percents, and
groups were compared using chi-square tests. Hospital death is defined as
death within 30 days after the procedure or death before discharge, if beyond
30 days. Groups were compared using Fisher’s exact tests. Mantel–Haenszel
exact tests were used to compare groups while controlling for other factors.RESULTS
Comparability of Groups
There were no significant differences between the groups
with regard to age, gender, cause of the aneurysm, connec-
tive tissue disorder, history of hypertension, COPD, ur-
gency, previous cerebrovascular accidents, coronary artery
disease, renal function, or history of smoking. Table 1diovascular Surgery c Volume 139, Number 6 1467
FIGURE 3. The number of patients with each number of segmental arteries sacrificed during the first and second stages (N ¼ 35). Six patients (*) had an
abdominal aortic aneurysm repair as the first stage. SA, Segmental artery.
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year of the procedure was not associated with a preference
for any group.
Single-stage repairs were slightly more likely to be carried
out under HCA; 4 (11%) of the 2-stage repairs and 16
(29%) of the single-stage repairs had HCA (P ¼ .07). Pa-
tients with diabetes or with previous myocardial infarction
were less likely to have a 2-stage repair, but the differences
were not statistically significant. SSEPs were monitored in
all patients, and MEPs were monitored in 39% of patients;
there were no statistically significant differences between
groups (P ¼ 1). CSF was drained in 84% with no statisti-
cally significant difference between single-stage versus 2-
stage groups (P ¼ .77; Table 2).
There was no significant difference in the number of pa-
tients who required visceral artery reimplantation (P ¼ .29);
some patients had an anastomosis beveled so that visceral ar-
tery implantation was not required even though SA sacrifice
was extensive. A greater number of segmental arteries were
ultimately sacrificed in the 2-stage group (median, 14; range,
11–15) compared with the single-stage group (median, 12;
range, 9–15; P< .0001).
Complications and Mortality
Overall hospital mortality was 11.1% (10/90), with no
difference between single-stage procedures (6/55; 10.9%)
compared with the second operation in the 2-stage group
(4/35; 11.4%; P¼ 1). There were no statistically significant
differences in stroke (P ¼ 1), postoperative bleeding
(P ¼ .15), renal failure (P ¼ 1), or pulmonary insufficiency
(P ¼ .1) between the groups. Table 3 summarizes the post-
operative course and complications for the 2 groups.1468 The Journal of Thoracic and Cardiovascular SurSpinal Cord Injury
The risk of paraplegia or paraparesis, however, differed
significantly between the groups: Fifteen percent (8/55;
Figure 1) in the single-stage group had permanent spinal
cord injury versus none in the 2-stage group (0/35,
P¼ .02). The significantly lower rate of paraplegia and para-
paresis in the 2-stage group occurred despite a significantly
higher number of SAs sacrificed in this group: a median of
14 (11–15) versus 12 (9–15) (P< .0001). The significant
difference between single- and 2-stage procedures in the in-
cidence of paraplegia persisted when controlling (one at
a time) for diabetes, coronary artery disease, and repair
under HCA.Single-Stage Repairs With and Without
Hypothermic Circulatory Arrest
Spinal cord injury seemed more likely to develop in pa-
tients undergoing a single-stage repair without HCA than
with HCA (7/39 ¼ 18% vs 1/16 ¼ 6%). The number of pa-
tients, however, was too small to enable statistical analysis.DISCUSSION
This retrospective review of our experience suggests that
paraplegia after open repair of extensive TAA/A may occur
significantly less frequently when the repair is carried out in
2 stages rather than a single procedure. The absence of para-
plegia in the 2-stage repair group occurred even though the
total number of SAs sacrificed was greater with 2-stage re-
pairs than with single-stage procedures, which would engen-
der an expectation of a higher incidence of paraplegia or
paraparesis after 2-stage repair. Although this observationgery c June 2010
TABLE 3. Postoperative course, complications, and outcomes
All
N ¼ 90
Single-stage
procedure
N ¼ 55
2-stage
procedure
N ¼ 35
P
value*
Hospital mortality 10 (11%) 6 (11%) 4 (11%) 1
Spinal cord
injuryy
8 (9%) 8 (15%) 0 .02
Stroke 4 (4%) 3 (5%) 1 (3%) 1
Bleeding requiring
reoperation
2 (2%) 0 2 (6%) .15
Renal insufficiency 11 (12%) 7 (13%) 4 (11%) 1
Temporary dialysisz 4 (4%) 2 (4%) 2 (6%)
Permanent dialysis 7 (8%) 5 (9%) 2 (6%)
Respiratory complications 19 (21%) 12 (22%) 7 (20%) 1
Tracheotomy 18 (20%) 12 (22%) 6 (17%)
ECMOx 1 (1%) — 1 (3%)
Cardiac complications 3 (3%) 1 (2%) 2 (6%) .56
Cardiac arrest 2 (2%) 1 (2%) 1 (3%)
Permanent pacemaker
insertion
1 (1%) — 1 (3%)
ICUk stay (d) .36
Mean  SD 5.1  5.6 6  6.8 3.7  2.2
Median (range) 3 (1–33) 3 (2–33) 3 (1–9)
Hospital stay (d) .15
Mean  SD 23.3  21 27.3  24.4 16.8  11.5
Median (range) 15 (1–95) 16 (8–95) 13.5 (1–58)
Adverse outcomek 22 (24%) 15 (27%) 7 (20%) .46
ECMO, Extracorporeal membrane oxygenation; ICU, intensive care unit; SD, standard
deviation. *Based on the Kruskal–Wallis or Fisher’s exact test. yParaplegia or parapa-
resis. zPatients did not require further dialysis after discharge. xExtracorporeal mem-
brane oxygenation. kAdverse outcome ¼ in-hospital death, spinal cord injury, stroke,
or permanent dialysis. Two-stage data reflect only the second of the 2-stage proce-
dures.
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sive aneurysm resection into 2 stages may be helpful in pre-
venting paraplegia, there is reason to believe that this may be
a promising approach.
The significantly lower rate of spinal cord injury after 2-
stage repair of extensive thoracoabdominal aneurysms com-
paredwith the rate after repair of aneurysms of comparable or
even slightly lesser size in a single stage can be explained by
considering what is known about what happens to the spinal
cord circulation after serial surgical sacrifice of most or all of
the SAs in an experimental model. The perfusion of the spi-
nal cord subsequently depends on the stabilization of a collat-
eral network that includes the paraspinous muscles, has
extensive interconnections with the nutrient arteries of the
spinal cord, and is fed from below by the hypogastric arteries
and from above by the internal thoracic and other branches of
the subclavian arteries. Experimental studies have demon-
strated that the collateral network undergoes changes after
extensive SA sacrifice, with enlargement of its arteriolar ca-
pacity and a reorientation of small arteries to allow inflow
caudally and cranially to the center of the length of the spinal
cord that has been deprived of more direct SA nourishment.
Some of the collateral network adaptations are achieved byThe Journal of Thoracic and Carimmediate vasodilatation in response to the demands of spi-
nal cord metabolism, but other changes reflect a remodeling
process that takes time. The interval between the stages of
a 2-stage repair allows stable remodeling of the inflow to
whatever portion of the spinal cord is affected by SA sacrifice
during the first procedure before the collateral network is
called on to provide enhanced inflow after the sacrifice of
the remaining SAs during the second stage.
An estimate of the time course of the adaptation of the col-
lateral network that provides spinal cord blood flow when
SAs are sacrificed can be obtained by monitoring the pres-
sure in the distal stump of a single SA in the middle of the
length of spinal cord affected by SA sacrifice.19 If one does
serial measurements of this pressure, which we consider
the spinal cord perfusion pressure and have followed in
a few patients and several experimental animals, one can
see that the spinal cord perfusion pressure falls to low levels
after extensive SA sacrifice, reaching a nadir several hours
postoperatively.20 Recovery of the pressure to approxi-
mately 60% of preoperative levels occurs by 48 hours and
appears complete by approximately 5 days.20 Because exper-
imental observations show substantial remodeling of the col-
lateral arteriolar network several days after extensive SA
sacrifice, the collateral blood supply should be robust by
the time of a second operation after initial aneurysm repair
in almost all instances, making the sacrifice of any remaining
SAs less of a threat to spinal cord viability than if all the in-
volved SAs are sacrificed at one time.
It is true that the patients who underwent 2-stage proce-
dures in this series were not a homogeneous group with an
anticipated 2-stage strategy, but rather had clinically rele-
vant aneurysms in different parts of the aorta requiring inter-
vention at different times. Some of the patients with single-
stage procedures, however, could conceivably have had
their single-stage operations performed in 2 stages, with 1
of them possibly an endovascular procedure, if this were
a proven means of eliminating the threat of paraplegia.
The apparently negligible risk of paraplegia with 2-stage
procedures found in this retrospective review suggests that
dividing an extensive resection into stages may be an effec-
tive strategy if it is anatomically feasible and the risk of rup-
ture between the stages is judged to be modest. Previous
studies of 2-stage versus single-stage procedures in the as-
cending aorta, aortic arch, and proximal descending aorta
have shown a high combined morbidity and mortality result-
ing from the 2-stage approach, especially when interim mor-
tality from rupture is taken into account.21-24 But the
promise of significantly lower paraplegia rates, as well as
possibly lower overall morbidity with hybrid procedures,
suggests that a 2-stage approach to the descending and
thoracoabdominal aorta may be worth considering.
We recognize that this retrospective study has definite
limitations. Because none of the staged patients underwent
intentional, planned 2-stage repair, a selection bias is harddiovascular Surgery c Volume 139, Number 6 1469
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abetes and previous myocardial infarction were somewhat
less likely to have undergone a 2-stage procedure rather
than a single-stage procedure, although this difference was
not statistically significant and other patient risk factors
seem comparable. All patients had relatively long intervals
between the 2 procedures that would likely exceed the usual
recommendation for a planned 2-stage approach,21,24 which
may have resulted in exclusion of patients with large
aneurysms prone to rupture and those with serious comorbid
conditions. Furthermore, the long interval between
operations may have enhanced the stability of the spinal
cord circulatory adaptations after the first repair, and
therefore improved spinal cord recovery after the second stage.
All patients included in the 2-stage group must, by defi-
nition, have survived the first stage of the procedure. We
have only incomplete data from the initial operations,
some of which were performed at other institutions. For pa-
tients at our institution with aneurysms of comparable extent
as those resected in the first operation of the 2-stage group,
we encountered a mortality of 6% and no paraplegia. (In our
experience, using spinal cord protection measures including
SSEP/MEP monitoring and CSF drainage, no spinal cord
injury occurred in any elective aneurysm repair in
which< 11 SAs were resected.25) If we try to reconstruct
the true mortality of the 2-stage approach by adding the an-
ticipated deaths from the first procedure (N¼ 2) to the docu-
mented mortality after the second procedure (N ¼ 4), we
arrive at an estimated combined mortality only slightly
higher than for a single-stage operation (16% vs 11%),
but by taking into account the high 1-year mortality among
patients with postoperative spinal cord injury, this differ-
ence in early mortality is likely negligible. This makes
a 2-stage approach still an appealing alternative if it removes
the threat of paraplegia.
Before considering these observations an endorsement of
a planned hybrid 2-stage approach, with an endovascular
component, in patients in whom a single-stage open proce-
dure could be performed, one must also ask whether sudden
occlusion of SAs with a graft is equivalent to more gradual
serial SA sacrifice. From what has been published, endovas-
cular repair does not seem to be associated with dramatically
higher paraplegia rates than open surgical repair, but a direct
experimental comparison could serve to answer this ques-
tion more clearly. It would seem prudent to use the precau-
tions developed by surgeons to protect the spinal cord from
intraprocedural injury during endovascular repair as well: re-
duction of metabolic rate using hypothermia and monitoring
of MEPs and SSEPs. With regard to adjuncts, it should be
noted that the use of HCA was associated with a lower
rate of paraplegia after single-stage repair in this series.
With current technology, the most appealing scenario for
a planned 2-stage approach is a hybrid procedure with an
endovascular second stage. This would allow one to avoid1470 The Journal of Thoracic and Cardiovascular Surconfronting the daunting challenges of a second open oper-
ation, with its increased risk of bleeding and pulmonary in-
jury. An attractive option would be to replace the visceral
segment of the abdominal aorta during an initial open proce-
dure, followed by endovascular stenting of the entire de-
scending thoracic aorta. There would be no need for
a separate debranching operation, and one could leave an ac-
cess graft in place after the initial procedure to facilitate sub-
sequent thoracic stent placement.
Because the 2-stage group did not have both procedures
planned in advance, the question of what is an ideal time be-
tween procedures could not be addressed in this study, but it
is of obvious importance when contemplating a deliberate 2-
stage strategy. Further experimental work will be required to
provide a definitive answer, but preliminary studies suggest
that the collateral circulation is able to restore flow to the spi-
nal cord 5 to 7 days after SA ligation. This short recovery
time makes the deliberate choice of a 2-stage approach po-
tentially appealing as a clinical strategy, because the patient
could be kept under close surveillance during the interval be-
tween procedures, minimizing the risk of rupture.CONCLUSIONS
A staged approach to extensive TAA-A repair may reduce
the incidence of spinal cord injury. This is of potential im-
portance in designing strategies involving hybrid or entirely
endovascular procedures. If a staged approach is not possi-
ble, a single-stage procedure using HCA seems to protect
the spinal cord better than a single-stage procedure using
other perfusion techniques.References
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Dr Joseph Coselli (Houston, Tex). Dr Etz, congratulations. The
Mount Sinai group once again, with tenacity and focus, raises the
provocative issue that spinal cord injury after thoracoabdominal
aortic aneurysm resection is not affected after extensive SA sacri-
fice. By evaluating 90 patients retrospectively, they compare 55 pa-
tients with Crawford extent II aneurysms repaired in a single-stage
procedure with 35 patients with aneurysms repaired in 2 separate
operations. Mortality (11%) was no different between the 2
groups; however, the occurrence of paraplegia was approximately
15% in the former cohort and none in the latter cohort. The results
and their strategy are outstanding.
In our own work, we have reported on 762 extent II thoracoab-
dominal aortic aneurysms with an intercostal artery reattachmentThe Journal of Thoracic and Carstrategy and a 6.3% spinal cord injury rate. Separately, in 1997,
we reported on the impact of previous thoracic aortic repair on thor-
acoabdominal aortic aneurysm management comparing groups
similar to the authors’ groups. In the Crawford extent II group
with a single-stage procedure, 143 patients had a 13.9% paraplegia
rate versus only 3% for 66 patients repaired in a staged fashion, es-
sentially confirming what the authors find here.
In 118 patients with extent III and IV aneurysms, we encoun-
tered paraplegia and paraparesis rates of 2.5% and 1%, respec-
tively. Thus, the overall risk of paraplegia when staged to 2
separate operations is significantly affected by the first operation.
The authors deal with this by extrapolating from their own work
but use patients in need of limited aortic resection rather than extent
II aneurysms, based on the article.
Curiously, if all the patients were categorized as Crawford extent
II in this series, one would expect the same number of intercostal
arteries would have been eliminated in both groups at the end of
the day. But what you found was a significant difference, a median
of 14 versus 12 (P<.0001).Many of the first-stage procedures were
carried out at another institution and the number of segmental ar-
teries reattached is not really known, and with the small sample
size I believe this remains an important concern. My questions
are quick.
Barring a prospective randomized trial, do the authors think
that it would be more relevant to evaluate only their own cases
and use an intention-to-treat analysis? For patients who are ana-
tomically unable to undergo a concomitant procedure (ie, a hybrid
endovascular procedure), how do the authors approach their
current patients, staged or single operation in Crawford extent II
aneurysms?
Dr Etz. There are definite limitations, as you mentioned, to this
study. It is retrospective, in the first place. In this 2-stage group
there was no intention to treat these patients in a 2-stage fashion,
but they just came back for the extending aneurysm after a couple
of years. So your suggestion definitely is valid, and it would be
a good idea to do this in a randomized prospective fashion, al-
though we believe there is experimental evidence, and from this ret-
rospective study some clinical evidence, that it may not be
necessary, but we just proceed, if we can, with a 2-stage procedure,
which takes me to the second question.
If a patient cannot undergo a 2-stage procedure, there is some ev-
idence (and I don’t know whether I can show my discussion slides
here; probably not), if you look in the abstract book at this graph,
that if you have to repair a Crawford type II aneurysm in a single
stage, it may be better to do this under HCA or with HCA. In the
group we analyzed, in these 55 patients, there were 16 patients
who had HCA with only 1 patient ending up paraplegic, whereas
there were 7 cases of paraplegia in the remaining 39 patients who
underwent this single-stage Crawford type II aneurysm repair
with various other perfusion techniques. Unfortunately, the num-
bers are not powerful enough to prove this hypothesis, but this is
probably what we would do in the future, and we are about to
work on further analysis to prove this with larger numbers.
Dr Joseph Bavaria (Philadelphia, Pa). This is intriguing, and I
suppose it is based on your theories that the collateral network will
come together within a week or with some time. How do you pro-
pose we do this? For a patient with a type II thoracic aneurysm,
should we do the distal part first and then stent the proximal
part? Should we do the proximal part first and then the distal partdiovascular Surgery c Volume 139, Number 6 1471
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Dopen? Should we do the distal part first and then stent the proximal
part? What is the interval? What do you think the problems are go-
ing to be when sewing grafts to 56-cm aortas? Do we use a Dumbo
graft as a diaphragm like we do with a Dumbo elephant trunk?
What is your proposition?
Dr Etz. To answer the first question in terms of what should be
done first. Should we do the descending part first or the lumbar part
first if a patient has a type II aneurysm. At this point, there is no
clear evidence as to what is better. We are currently working on
this question in the laboratory. It probably would depend on tech-
nical issues of where you think you can get a proper landing zone
first and whether you can put a descending graft in an elephant
trunk-like fashion and then stent. Another possibility would be to
do a debranching-like procedure or replace the lumbar part first,
and then not having to deal with the debranching anymore, just
stent the descending thoracic. At this point, there is no evidence
and probably a couple of good solutions coming up in the future.
Dr John Fehrenbacher (Indianapolis, Ind). I guess I would
have drawn different conclusions from your article than you did.
We have operated on approximately 300 thoracoabdominal aneu-
rysms, and I think well more than 50 of these are Crawford IIs, us-
ing deep HCA. We have an overall low paraplegia rate (<5%), but
we also implant intercostal arteries. My approach would not change
after hearing your presentation, but to the contrary, I think it sup-
ports intercostal reimplantation. Therefore, my conclusions from
your presentation would be in resection of extensive thoracoabdo-
minal aneurysms, one should reimplant intercostal arteries.
Dr Etz. There is certainly nothing wrong with reimplanting seg-
mental arteries if that is technically feasible and you do it under cir-1472 The Journal of Thoracic and Cardiovascular Surculatory arrest, but the work we are presenting here is thought to
pave the way for hybrid and totally endovascular procedures, and
then this is obviously no option. So that would be the answer.
Dr FrankBaciewicz (Detroit, Mich). Youmay have already an-
swered this question, but the mean interval between the 2 opera-
tions was 5 years. Did you find any difference in the paraplegia
rate if the time interval was short or long? I would expect the longer
the time interval the greater chance for a collateral development and
less paraplegia.
Dr Etz. In this cohort there were only 35 patients and no case of
paraplegia, so there was no chance to analyze the interval in terms
of its association with paraplegia rate. From the experimental work
we know that after youmeasure the pressure in the stump of the sac-
rificed SA, the pressure completely recovers to the pre-sacrifice
level within 5 days. The same applies to the spinal cord blood
flow that we could measure in the laboratory setting with fluores-
cent microspheres, and it tells us exactly what the flow is, and
the restoration of course is also within 5 days. So obviously we be-
lieve that a similar dynamic also applies in the human setting. Cer-
tainly it seems clear that if you give a little more time you will
probably get a better remodeling, but that will stop at some point.
Dr Lars Svensson (Cleveland, Ohio). With descending stents
readily available and the delay in getting thoracoabdominal stent
grafts, which, unfortunately, take approximately 3 months to build,
what we have been doing in a number of patients is what you are
suggesting, in other words, stent the descending aorta or elephant
trunk and then come back later and do the thoracoabdominal stent-
ing. We believe this also has reduced the incidence of paralysis,
particularly in the type IIs with thoracoabdominal stenting.gery c June 2010
